ness [1, 2] . These perceptual descriptions have also been supported by acoustic findings. For example, pitch change has been identified in elderly speakers, such that women maintain quite constant F0 until menopause, after which F0 decreases approximately by 10-15 Hz, while men exhibit a decrease from young adulthood to middle age, then a substantial increase by approximately 35 Hz into advanced old age [3, 4] . In addition, reduced stability has been supported by several acoustical measures including jitter, shimmer, fundamental frequency standard deviation, and amplitude perturbation quotient [5, 6] .
The current study focuses on the vocal quality of breathiness in Korean elderly females for the following reasons. First, despite the general assumption that the elderly exhibit breathy voice, experimental studies (including perceptual and acoustic) have shown considerable disagreement, especially for women [1, 4, 7, 8] . These conflicting findings may reflect the fact that the underlying mechanisms of breathy voice in elderly women (EW) are not clearly understood. In general, the presence of incomplete glottal closure and subsequent 'air leakage' is assumed to be associated with the perception of breathiness [9, 10] . Unlike men in whom the degree of glottal gap seems to differ clearly between the young and elderly, both young women (YW) and EW have frequently been reported to demonstrate a high incidence of glottal gap, even though gap location may differ across age. Previous data have suggested that YW tend to have a posterior chink, while EW have the gap anteriorly [5, 11] .
Second, we sought to examine this widely accepted vocal quality change due to aging in an underrepresented ethnic group in the literature, in recognition that prior work has been conducted primarily in certain ethnic groups such as European American [7, 12] , Brazilian [13, 14] , and Indian [15] populations, although several studies have suggested that voice quality varies enough among ethnic groups to serve as an identification marker of ethnicity or native language [16] [17] [18] [19] . One possible reason for this is that factors affecting vocal quality (e.g., age at menopause) may differ between ethnic groups. In a cohort study, the mean age at menopause in Korean women was 46.9 years, which is earlier than previously reported Caucasian data [20] . Although, to our knowledge, no perceptual or acoustic investigations have been systematically conducted, a very limited number of studies have indirectly implied conflicting results with respect to the degree of breathiness in Korean elderly females [21] . One study of Korean speakers claimed increased breathiness in EW compared to YW based on the former's greater noise-to-harmonic ratio [22] , while another study reported no difference in the degree of breathiness based on similar Soft Phonation Index (SPI) values between the two groups. SPI is a parameter provided by the MultiDimensional Voice Program (Computerized Speech Lab) as an index of vocal fold approximation during phonation [23] . The inconsistent findings combined with a lack of perceptual data make it difficult to draw firm conclusions, especially considering the controversial interpretation of the two parameters included in the studies. Previous studies have questioned the degree to which these parameters can be reliably and uniquely correlated with breathiness [24] .
The final motivation of the study was a desire to gain a better understanding of different acoustic measurement points in the vowel prolongation task, which is routinely used for voice evaluation. Many acoustic measures derived from prolonged vowels are meant to provide correlates of breathiness, but it is possible that these measures vary during the relatively long interval of a sustained vowel. The temporal 'midpoint' (typically a 1-or 3-second window centered around it) has been widely used in research and the clinic under the assumption that it is the most stable portion of the voice source [25] [26] [27] . Given the nature of this maximum performance task, the vocal characteristics might vary over time. Clinical observations that the voice of dysphonic patients frequently tends to be 'pressed' toward the end of exhalation also support this. However, very few studies have systematically investigated vocal changes throughout prolonged vowels.
For this purpose, we chose five ratio-based points of measurement along the vowel productions. In addition to the temporal midpoint of each vowel, acoustic data were sampled at the midpoints of each half of the vowel duration (that is 25 and 75% points), as well as points 1.5 s later and earlier than the sustained vowel onset and offset, respectively [28] . It was hypothesized that significant differences in acoustic characteristics may exist across these measurement points, considering the nature of the maximum phonation task which is supposed to reflect the efficiency of respiratory mechanism during phonation [29] . If the choice of the measurement points was associated with systematically varying acoustic results, as hypothesized, the selection of a measurement point for clinical evaluation would need to be done carefully.
Three acoustic variables were selected in the study: H1-H2, H1-A1, and H1-A3. Previous studies have discussed these measures as physically associated with incomplete closure of the vocal folds and/or a longer open phase during phonation [12, 15, 30, 31] . Since Hanson's investigation [31] on the relationship between the amplitude of the first harmonic (H1) and the first formant frequency (A1) in young females, the parameter H1-A1 has been investigated as an acoustic correlate of breathiness in other groups of speakers, including elderly voices [7] and pathological voices [15, 32] . Based on the spectral tilt across the speech frequency range, the amplitude of the third formant frequency (A3) relative to H1 has been of interest for similar reasons [33] [34] [35] . We were interested in how these acoustic measures are correlated with perceptual judgments of breathiness that is often thought to reflect physical or functional abnormality of vocal fold vibration.
To obtain perceptual estimates of breathiness, the GRBAS scale and a direct magnitude estimation (DME) method were employed in the study. The GRBAS scale was selected because it is widely used in voice research and the clinic [36, 37] . However, due to its potential scale attenuation effect (only a 4-point scale), especially given that our participants were all free from voice pathology, a DME estimate was additionally employed. DME was originally developed for the scaling of sensory attributes such as brightness and loudness, in which people assign numbers in proportion to a standard modulus, or to the assigned magnitude of a previously estimated stimulus [38, 39] .
In sum, the overarching goal of the present study was to examine perceptual and acoustic differences in breathiness between young and elderly Korean female voices. Specific research questions were posed as follows: (1) Are Korean EW perceived as more breathy compared to YW? (2) Do all or some of the selected acoustic variables reflect different degrees of breathiness between the two groups? (3) Do the selected acoustic variables change as a function of time during prolonged vowels?
Methods

Participants
A total of 50 community-dwelling Korean females in Seoul and Anyang were initially recruited in the study. All participants were native speakers of Korean. Among them, 8 women were excluded according to the exclusion criteria, which included a self-reported history of (1) smoking or other neurological/health issues, (2) visiting a voice clinic in the previous 3 months, and (3) any clinically relevant voice complaint at the date of voice recording. The 42 remaining women were divided into two groups based on their chronological age: 21 YW (mean age = 21.38 years; SD = 3.06; range = 20-29) and 21 EW (mean age = 74.67 years; SD = 4.81; range = 66-81). Informed consent was obtained from all participants.
Voice Recordings
Voice recordings were made in a silent room using a dynamic microphone (SHURE, SM58) and a digital recorder (SONY, PCM-M10) at a sampling rate of 44.1 kHz with 16-bit quantization. The environmental noise levels were monitored using a sound level meter (Conrad Electronic, Voltcraft Datalogger 322) and maintained at <50 dB SPL. The microphone was positioned 15 cm from the lips and remained at that distance throughout the recording session. Speakers were asked to produce the vowel /a/ three times as long and as steadily as possible. Speakers were also encouraged to keep their pitch and loudness levels constant. The examiner then gave a complete model of the task. Breaks were provided between trials until the speaker felt comfortable and ready for the next trial. A total of 126 trials (42 speakers × 3 repetitions per speaker) were recorded.
Perceptual Estimation of Breathiness
For perceptual ratings, 3-second vowel samples taken from the middle of the second repetition from each speaker were used. Perceptual judgment was first obtained on the GRBAS scale by two speech language pathologists (S.J.L. and D.L.), who both had clinical experience of vocal assessment for more than 3 years in a Department of Otolaryngology. Twenty college students majoring in speech language pathology participated as listeners for the DME ratings. These listeners were all Korean native female speakers and reported normal hearing. None of them had extensive clinical experience with voice disorders, although all had completed an undergraduate course in voice disorders.
In our DME method with a modulus of 50 [40, 41] , a midranged stimulus was arbitrarily selected by the authors as the standard; higher magnitude estimates meant more perceived breathiness, while lower magnitude estimates meant less perceived breathiness. Prior to the experiment, listeners were provided with a brief training on the DME procedure and various voice qualities with emphasis on breathiness. Our instruction defined breathy voice quality as 'audible air escape in the voice' [42] . The stimuli were presented to all listeners simultaneously using a laptop computer and stereo speakers. All listening experiments took place in a quiet room, and listeners were blinded to the age of the speakers. After the background noise levels were controlled as noted above, the modulus stimulus was played. After that, 42 randomized stimuli were played, and 4 stimuli were replayed for reliability testing. The modulus was replayed for reference after every 5 stimulus presentations. In total, 920 ratings (20 listeners × 42 stimuli, plus 80 ratings for reliability testing) were made by the listeners. No breaks or repeated presentations of the samples were allowed. In both listening tasks, the listeners judged all vowel stimuli pooled across the two age groups in a random order. After the procedures, the mean DME score for each participant was calculated for further analysis.
Approximately 10% (4 of 42) of the total stimuli were randomly chosen and replayed to the listeners to obtain intrajudgement reliability. For the GRBAS ratings, inter-and intrarater reliability was evaluated by the intraclass coefficient (ICC), which yielded values of 0.905 (two-way mixed model) and 0.928 (one-way random model). ICCs for inter-and intrareliability of DME scores were 0.914 and 0.728, respectively.
Acoustic Analysis
Acoustic measurements were performed using TF32 [43] . First, the relative amplitudes of the two harmonics (H1, H2) and two formant amplitudes (A1, A3) of the vowel /a/ were measured from Aging Effect on Korean Female Voice Folia Phoniatr Logop 2015;67:300-307 DOI: 10.1159/000445290 303 1-second-long windows centered around five temporal points throughout the prolonged vowel, as described above. The initial and final 1.5 s were excluded from the analysis considering their potential position effect [4, 44, 45] . For the fixation of the temporal points of each trial, the duration of the prolonged vowel was measured using TF32, and the exact five temporal points were calculated. For each temporal point, peak amplitudes at the frequencies of H1, H2, A1, and A3 were measured, and then the three acoustic parameters H1-H2, H1-A1, and H1-A3 were derived from those measurements. Approximately 10% (180 out of 1,890) of data was randomly chosen to compute the reliability of acoustic measurements, which yielded ICC values of 0.914 and 0.970 for inter-and intrarater reliability (two-way mixed and one-way random model, respectively.
Results
The Mann-Whitney U test results indicated that both the YW and EW groups showed no statistically significant difference in vowel duration (p = 0.069; YW: median = 12.93 s, interquartile range = 3.81, and EW: median = 11.60 s, interquartile range = 3.83). Therefore, the time points of the acoustic measurement were not different between the two groups not only in the proportionate but also absolute values.
Perceptual Ratings of Breathiness
For the 'B' ratings in GRBAS, the Mann-Whitney U test revealed no significant difference in the mean breathiness ratings between the two groups (p = 0.596; YW: median = 1.0, interquartile range = 0.5, and EW: median = 1.0, interquartile range = 1.0). Other ratings did not significantly differ either: grade (p = 0.067), roughness (p = 0.124), asthenia (p = 1.000), and strain (p = 0.901). With respect to mean DME scores, a Shapiro-Wilk test for normality showed no significance for each group (p = 0.094 for YW, p = 0.053 for EW). DME estimates did not show a significant difference between the two groups (t = -1.867, p = 0.069; YW: mean = 55.96, SD = 13.61, and EW: mean = 64. 45 Median (interquartile range) for the GRBAS scale and mean (standard deviation) for DME ratings are presented. No significant difference in acoustic measures was found between all possible pairs of measurement time points. Figure 1 shows a box and whisker plot of H1-H2 and H1-A1 as a function of age and measurement points.
Acoustic Correlates of Breathiness
A stepwise regression analysis was conducted to investigate the relationship between the DME values of breathiness and each acoustic parameter. Breathiness was represented by the mean DME scores of each second trial, and acoustic parameters by the measurements at the 50% point of each second trial. Of the three acoustic parameters, only H1-A1 was significantly regressed against the mean DME scores. Figure 2 shows that H1-A1 (p = 0.001) explained 22.9% of the perceptual breathiness represented by mean DME scores. The direction of the function is in the expected direction: greater H1-A1 values were associated with increasing values of perceived breathiness.
Discussion
Our findings may be summarized as follows: (1) the vowel duration of the EW group was equivalent to that of the YW group; (2) no difference was perceived by the lis- teners in the degree of breathiness between the two age groups, either for the 'B' scale of GRBAS or DME scale values; (3) H1-H2 and H1-A1 were significantly greater and more negative for the EW group, and (4) the measure H1-A1 was significantly related to scaled breathiness using DME. The fact that the two groups did not exhibit differences in vowel duration and perceived breathiness raised a question about the age point when the voice starts exhibiting aging effects, at least on the vowel prolongation task. This doubt was strengthened by the findings that the other GRBAS component ratings also did not differ between the groups. Although menopause begins at about 50 years (approximately 3 years earlier in Korean women) [20] , there are other factors that might have affected the detection of perceptual voice changes, such as the use of a different acoustic analysis (e.g., traditional periodicity-based spectral analysis vs. cepstral analysis) and whether or not high vocal demands had been imposed on the female participants [46] . It is also possible that the age groups to which our participants mostly belonged could not fully reflect the effect of aging, at least perceptually, possibly owing to a significantly improved health-related quality of life and increased average life expectancy (for Korean females, 20 years increase over the last 20 years [47] ).
Although no difference between the groups was perceptually detected, two acoustic parameters successfully differentiated the groups; in absolute terms, H1-H2 and H1-A1 were significantly greater for EW compared to YW. The greater difference was in the negative direction, indicating less tilt in the spectra of older speakers. This may support the notion that acoustic methods might have better sensitivity to subtle voice-speech characteristics than perceptual methods [48] . This may also reflect that it is relatively difficult to confirm a correlation between the results of acoustic and perceptual assessments compared to other vocal qualities such as hoarseness and roughness [49] .
The tendency for the H1-H2 and H1-A1 differences to reflect less tilted spectra in the voices of EW compared to YW is interesting. As the H1 amplitude tends to be enhanced for breathy voice compared to modal voice, these results contradict our initial hypothesis that in H1-H2 differences would be greater in EW as compared to YW, reflecting the typical relationship of breathier voices having more positive (more tilted) H1-H2 and H1-A1 values. In a sense, this is not surprising in that the EW were not perceived as breathier. A previous study that showed no difference between age groups in the SPI also supports the current data [23] .
To interpret the current results that H1-H2 and H1-A1 reflected less tilt for EW, the resonance characteristics of Korean vowels should be considered together with aging effects. Prior examinations have reported a substantial difference in formant frequencies between Korean and American English, including /a/; F1, F2, and F3 are located at higher frequencies for Korean /a/ as compared to a language such as English [50] . This difference between languages combined with possible aging influences on harmonic structures (i.e., a decrease in F0 and F1 [51] ) might have yielded the current results in Korean EW. In other words, the reduced spectral tilt also hints at the possibility of the influence of the native language or ethnospecific resonance characteristics of vowel /a/ on the acoustic indices of voice quality. In further studies, some corrected measures [25, 52] could contribute to the interpretation of our current results, although these measures are not used in the current study, considering the main focus was not on a comparison between ethnic groups.
As for intraspeaker variability across the five measurement points, none of the tested acoustic measures exhibited variations between all possible pairs of measurement points, which implies that any temporal point during vowel prolongation would appropriately represent the characteristics of the vocal quality at least for healthy speakers and for the measures included in this study.
Finally, the findings of the current study indicated that one parameter, H1-A1, was significantly correlated with DME values of breathiness when all speakers were pooled, suggesting its greater sensitivity to the perceptual degree of breathiness than the other two variables. The underlying physiology of this measure, as discussed in previous studies, is that it proportionally reflects the glottal width during vocal fold vibration [31, 35, 53, 54] . Another perceptual voice characteristic that could have influenced the current results is 'roughness', as is acoustically correlated with an increase in noise levels throughout the spectrum [52] . In our data, the median of the 'roughness' ratings for EW was 1.0, although they reported no history of pathological voice problems. In addition to their acoustic relevance, the presence of the rough voice quality might have influenced the perceptual DME ratings of breathiness, which in turn possibly affected the correlation between the measurements of acoustic and perceptual breathiness.
This study is not without limitations. First, as previously addressed, the higher age in elderly speakers is likely to provide a clear distinction between the age groups, but may not be sufficiently high to reflect all aging differences. Second, the use of corrected spectral measures [e.g., 52 ] may yield different results. Furthermore, cross-language experiments where a direct comparison is made between multiple languages to tease out the confounding effect of language and age, or where listeners estimate vocal quality within and across languages would strengthen the preliminary suggestion that the degree of breathy voice and spectral tilt may vary as a function of language. Lastly, a bigger sample size may help to draw a firm conclusion about the characteristics of the Korean female aging voice.
